Pyrroloquinoline quinone (PQQ) acts as a powerful modulator of PGC-1α activation and therefore regulates multiple pathways involved in cellular energy homeostasis. In the present study, we assessed the effects of L6 myotubes incubation with 0.5, 1, and 3 μM PQQ solution for 2 and 24 hr with respect to the cells' lipid metabolism. We demonstrated that PQQ significantly elevates PGC-1α content in a dose-and timedependent manner with the highest efficiency for 0.5 and 1 µM. The level of free fatty acids was diminished (24 hr: −66%), while an increase in triacylglycerol (TAG) amount was most pronounced after 0.5 μM (2 hr: +93%, 24 hr: +139%) treatment. Ceramide (CER) content was elevated after 2 hr incubation with 0.5 µM and after prolonged exposure to all PQQ concentrations. The cells treated with PQQ for 2 hr exhibited decreased sphinganine (SFA) and sphinganine-1-phosphate (SFA1P) level, while 24 hr incubation resulted in an elevated sphingosine (SFO) amount. In summary, activation promotes TAG and CER synthesis.
the accumulation of CER contributes to the development of insulin resistance in rodents and humans (Bruni & Donati, 2008) . Muscular CER deposition also disturbs mitochondrial structure, diminishes mitochondrial respiration capacity and enhances reactive oxygen species production (Smith et al., 2013) .
Peroxisome proliferator-activated receptor (PPAR) γ coactivator 1α (PGC-1α) plays a critical role in the control of gene programs involved in mitochondrial biogenesis and metabolic homeostasis (Supruniuk, Mikłosz & Chabowski, 2017) . A positive association between PGC-1α expression and cellular capacity to completely oxidize fatty acids (Hoeks et al., 2012 ) may serve as a key factor in the reduction of intramuscular lipid accumulation, therefore contributing to an improvement in skeletal muscle insulin sensitivity.
Research on transgenic (TG) animals overexpressing revealed that modest upregulation of the coactivator expression is sufficient to improve cellular functions, while its over-excessive level leads to functional and structural anomalies (i.e., lipid overload and extensive mitochondrial proliferation; Choi et al., 2008) .
In the present study we used pyrroloquinoline quinone (PQQ) as a means of PGC-1α pharmacological activation. This bioactive compound was originally identified as a novel coenzyme of several bacterial dehydrogenases. It has been reported that PQQ stimulates mitochondrial biogenesis through CREBP (cAMP response element binding protein) phosphorylation and increased PGC-1α expression . However, despite its theoretical therapeutic potential data considering biological role of PQQ are limited and further investigation of the molecule properties is warranted. In our study the initial selection of PQQ doses was based on a thorough analysis of the available literature data. The above-mentioned scrutiny showed that PQQ doses in the range of nanomoles to micromoles are sufficient to exert a significant metabolic effect (Naito, Kumazawa, Kino & Suzuki, 1993) . Next, a study of Chowanadisai et al. (2010) demonstrated that Hepa 1-6 cells treated with 10-30 µM of PQQ had notably increased PGC-1α expression, whereas a study by Takada et al. (2012) conducted on muscle cells showed an elevated glucose uptake after their incubation with 100-1,000 nM of PQQ. The above was probably due to the fact that PGC-1α stimulates translocation of glucose transporter, GLUT4, and thus glucose transport itself (Lira, Benton, Yan & Bonen, 2010) . Noteworthy, the primary objective of our study was to investigate PQQ/PGC-1α influence on lipid metabolism. Therefore, since fatty acids transport (and F I G U R E 1 Ceramide (CER) synthesis and degradation pathways. De novo synthesis includes the condensation of serine and palmitoyl-CoA through the action of serine palmitoyltransferase (SPT). The product of this reaction, 3-ketosphinganine, is reduced to sphinganine (SFA) by 3-ketosphinganine reductase. SFA can be further converted into sphinganine-1-phosphate (SFA1P) by SFA kinase or can be acylated into dihydroceramide in a reaction catalyzed by ceramide synthases (CERS). Subsequently, dihydroceramide desaturase (DES) reduces dihydroceramide (N-acylsphinganine) to CER. Moreover, CER can be generated through the hydrolysis of membrane and lysosomal sphingomyelin (SM) via alkaline/neutral and acidic sphingomyelinases (SMase), respectively. Additionally, the salvage pathway allows CER formation from sphingosine (SFO) and sphingosine-1-phosphate (S1P). These reactions can be reversed by ceramidase and SFO kinase (SphK). Irreversible degradation of S1P occurs at the endoplasmic reticulum via the action of S1P-lyase [Color figure can be viewed at wileyonlinelibrary.com] transporters) share a lot of similarities with glucose transport (Samovski, Su, Xu, Abumrad & Stahl, 2012) we considered it (the concentration of 1 μM of PQQ) as a reasonable starting point for our research.
Furthermore, while choosing the doses we tried to avoid any toxic effects as evidenced by the literature analysis. He, Nukada, Urakami, and Murphy (2003) for instance, revealed that PQQ concentrations in the range of 50-250 µM may cause death of cell cultures. Importantly, there were no evidence for cellular toxicity in a range of 10-30 µM of PQQ on hepatocytes , whereas Takada et al. (2012) investigated the influence of PQQ (only the doses in the range 50-1,000 nM were assessed in the study) on C2C12 myotubes and found no evidence of the cells apoptosis.
The effects of PQQ not only seem to be dependent on its concentration, but also on the duration of PQQ treatment. It was shown that the total uptake of 3 H-PQQ in cultured human fibroblasts progressed with incubation time and was the highest after 24 hr reaching 37% of the dose given (Stites et al., 2006) . Furthermore, in mice, orally administered 14 C-PQQ was rapidly absorbed in the lower intestine (20-90% of a total dose) and excreted within 24 hr (Smidt, Unkefer, Houck & Rucker, 1991) . Therefore, generally PQQ does not accumulate in the body and its direct physiological effects should best be assessed within this time frame. As to minimal incubation time required, some authors suggest 1 hr pretreatment with PQQ (Yang et al., 2014) as sufficient to exert its biological activity. However, Harris et al. (2013) determined the human serum level and urinary excretion of PQQ at 2, 4, 8, 24, and 48 hr after an oral administration of a single dose, and revealed that the changes in PQQ abundance paralleled in both materials and reached a peak at~2-3 hr. Considering the above-mentioned findings, in this study we focused on two incubation times with PQQ, namely 2 and 24 hr.
Since PQQ modulates oxidative cellular capacity via the activation of PGC-1α coactivator, a number of pathways associated with fatty acid metabolism may be affected by the administration of this compound. However, to the best of our knowledge, the possible regulation of lipid content and composition in skeletal muscles by PQQ treatment has not been previously studied. Thus, the aim of our study was to determine the effects of short (2 hr) and prolonged (24 hr) incubation with different doses of PQQ (0.5, 1, and 3 µM) on several prominent cellular lipid fractions content and composition as well as on the expression of key enzymes controlling sphingolipids metabolism pathways in L6 myotubes.
| MATERIALS AND METHODS

| Cell culture
Studies were carried out in a differentiated rat-derived L6 skeletal muscle cells purchased from American Type Culture Collection (ATCC). Myoblasts were incubated at 37°C in humidified atmosphere containing 5% CO 2 in high-glucose Dulbecco's modified Eagle's medium (DMEM; Pan Biotech, Aidenbach, Germany) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA) and 1% antibiotic-antimycotic. At the confluency of approximately 60-80% cells were transferred to DMEM (4.5 g/L glucose) with 2% of horse serum to induce their differentiation into myotubes. After about 8-10 days cells were subjected to experiments (≥90% myoblasts were fused to form elongated myotubes as confirmed by visual inspection using phase-contrast microscopy).
| Cell treatment
Overexpression of PGC-1α was induced by the incubation of L6 cells with a commercially available PQQ stimulator (Pyrroloquinoline quinone disodium salt; Sigma-Aldrich, St. Louis, MO). PQQ stock solution was prepared in water after heating at 37°C and sonication, and stored at −20°C. Directly before the experiment, stock was dissolved in DMEM to obtain the PQQ concentration of 0.5, 1, and 3 μM. L6 myotubes were starved in serum-free DMEM (w/o glucose) for 3 hr and then cells were treated with the indicated concentrations of PQQ (i.e., 0.5, 1, or 3 µM of PQQ) for 2 or 24 hr. were selected (as underlined). The mRNA levels of target gene was normalized to rat cyclophilin A and calculated according to the Pfaffl method (Pfaffl, 2001) . All samples were assayed in duplicate.
| Western blot analysis
Routine Western blot analysis procedure (Mikłosz et al., 2016; Mikłosz, Łukaszuk, Żendzian-Piotrowska, Kurek, Chabowski, 2016) was applied to determine the protein content of selected compounds (i.e., PGC-1α, SPT1, ASAH1, SPHK1, N-SMase, and Alk-SMase). Briefly, cells were lysed in a radioimmunoprecipitation assay (RIPA; 50 mM Tris-HCl, 150 M NaCl, 1 mM EDTA, 1% NP-40, SUPRUNIUK ET AL.
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0.25% Na-deoxycholate, 1 mM phenylmethylsulfonyl fluoride, 1 μg/ ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 mM sodium orthovanadate, 1 mM sodium fluoride) buffer with protease and phosphatase inhibitors (Roche Diagnostics GmbH, Mannheim, Germany) and sonicated for 30 s at 4°C. The total protein concentration was determined by means of bicinchoninic acid (BCA) protein assay kit with bovine serum albumin (BSA) as a standard. Then, the samples were boiled at 95°C for 10 min in a buffer containing 2-mercaptoethanol. The proteins (30 μg) were separated by 10% SDS-PAGE and wet transferred onto polyvinylidene fluoride (PVDF) membranes (0.2 μm pores; Bio-Rad). Next, the membranes were blocked in TTBS buffer (50 mM Tris-HCl, 130 mM NaCl, and 0.05% Tween-20) supplemented with 5% nonfat dry milk or 5% bovine serum albumine for 90 min at room temperature. Thereafter, the membranes were immunoblotted overnight at 4°C with the corresponding primary antibodies in a dilution of 1:1,000. The primary antibodies were purchased from Novus Biologicals (i.e., PGC-1α), Sigma-Aldrich (i.e., SPT1, SPHK1 and ASAH1), Santa Cruz Biotechnology (i.e., N-SMase, Alk-SMase and GAPDH). Subsequently, to detect proteins, anti-rabbit or anti-goat IgG horseradish peroxidase-conjugated secondary antibodies (1:3,000; Santa Cruz Biotechnology, Dallas, TX) were used.
The protein bands were visualized using an enhanced chemiluminescence substrate (Thermo Fisher Scientific) and quantified by densitometry (Bio-Rad). Ponceau S staining technique was used to confirm equal protein loading on the blot membrane. The protein expression (expressed in Optical Density Arbitrary Units) was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) level. Control was set at 100 and the experimental groups were expressed relative to the control.
2.5 | 9,10-[ 3 H]-palmitic acid uptake
Palmitic acid uptake was evaluated according to the Chavez and Summers procedure (Chavez & Summers, 2003) . Briefly, L6 myotubes were starved for 3 hr before palmitic acid uptake assessment. Afterward, myotubes were incubated for 20 min with medium containing palmitate and bovine serum albumin (SigmaAldrich) complex with the addition of 9,10-[ 3 H]-palmitic acid
(1 µCi/ml). After medium removal, the reaction was terminated with ice-cold PBS buffer and subsequently cells were solubilized in 0.05 N NaOH. The resulting fluid was transferred to 5 ml scintillation vials and counted using a Packard TRI-CARB 1900 TR scintillation counter. Radioactivity was normalized concerning protein concentration.
2.6 | Lipid analysis 2.6.1 | Concentration of FFA, DAG, TAG, and CER Lipid fractions (FFA, DAG, TAG, and CER) were extracted from L6 cells using a Bligh and Dyer method (Bligh & Dyer, 1959) . Briefly, samples were transferred into glass tubes containing 2 ml of methanol with 0.01% butylated hydroxytoluene (antioxidant) and 4 ml of chloroform. Moreover, 100 μl of internal standard mixture (heptadecanoic acid, 1,2-diheptadecanoin, and triheptadecanoin; Sigma-Aldrich) was added. After 24 hr, 1. (Morrison & Smith, 1964) , whereas, DAG fraction was eluted using chloroform-methanol solution (9/1, vol/vol), and eventually an organic phase was redissolved in BF3/methanol solution. Finally, the TAG fraction was eluted and methylated according to Christie (1982) . Individual fatty acid methyl esters 
| Concentration of sphingomyelin
Cell samples were transferred to a tube containing a solution of methanol and 0.01% butylated hydroxytoluene (Sigma-Aldrich) as an antioxidant. Then, the lipid samples were spotted on TLC silica plates and developed as described by Mahadevappa and Holub (1987) . Standards of sphingomyelin (Sigma-Aldrich) were run along with the samples. Lipid bands were visualized under ultraviolet light and the gel bands corresponding to the sphingomyelin were scraped off the plate and transferred into screw tubes containing pentadecanoic acid (Sigma-Aldrich) as an internal standard.
Sphingomyelin fatty acids were then transmethylated and subsequently analyzed by means of gas-liquid chromatography. The sphingomyelin content is presented as the sum of individual fatty acid residues.
2.6.3 | Concentration of S1P, SFA1P, SFO, and SFA
The content of selected sphingolipids was determined as described previously in detail (Mikłosz, Łukaszuk, Baranowski, Górski & Chabowski, 2013) . Briefly, lipids were extracted from samples in the presence of internal standards (10 pmol of C17-sphingosine and 30 pmol of C17-S1P; Avanti Polar Lipids, Alabaster, AL). The amount of S1P and SFA1P was evaluated indirectly after dephosphorylation to SFO and SFA, respectively, with the use of alkaline phosphatase (bovine intestinal mucosa; Sigma-Aldrich). Free SFO, SFA, and dephosphorylated sphingoid bases were then converted to their o-phthalaldehyde derivatives and analyzed using a HPLC system (ProStar; Varian Inc., Palo Alto, CA) equipped with a fluorescence detector and C18 reversed-phase column (Varian Inc.
OmniSpher 5, 4.6 × 150 mm). The isocratic eluent composition of acetonitrile (Merck, Darmstadt, Germany): water (9:1, vol/vol) and a flow rate of 1 ml/min were used. Column temperature was maintained at 30°C.
| Data analysis and statistics
The data were analyzed using analysis of variance (ANOVA) Additionally, Benjamini-Hochberg multiplicity correction was applied to obtain unbiased p-values (control of the overall type I error). The differences with p values below 0.05 were considered to be statistically significant. Sample size (n = 6 per group) was determined based on a previously conducted pilot study (power ≥ 0.8).
3 | RESULTS
| PQQ upregulates PGC-1α expression in L6 myotubes
First, we evaluated the efficiency of PQQ stimulation on PGC-1α gene and protein expressions in L6 myotubes. As illustrated in Figure 2a , short-term (2 hr) incubation with all PQQ doses caused substantial increases in PGC-1α mRNA level (0.5, 1, 3 μM vs. ctrl: +108%, +123%, +31%, respectively; p < 0.05). Similarly, 24 hr exposure to PQQ also induced increases in PGC-1α transcript contents (0.5, 1, 3 μM vs. ctrl:
+179%, +208%, +85%, respectively; p < 0.05). Additionally, we observed statistically significant differences between both the incubation times (24 hr vs. 2 hr) for 1 and 3 μM of PQQ (+38% and +41%, respectively; p < 0.05; Figure 2a ). In contrast, western blot analysis revealed significant increases in PGC-1α protein contents only after incubation with 0.5 µM of PQQ (2 hr: +24%; 24 hr: + 22%; p < 0.05) as compared with the control. We observed no differences in PGC-1α protein expression between the two incubation times (24 hr vs. 2 hr) for any of the applied concentrations ( Figure 2b ).
| Palmitic acid uptake in skeletal muscle cells
Basal uptake of palmitic acid was elevated solely in the case of 24 hr incubation with 0.5 µM of PQQ (+36%; p < 0.05). Moreover, a marked vs. ctrl; p < 0.05) and unsaturated fatty acids (−30% vs. ctrl; p < 0.05; Table 1 ). The changes in saturated fatty acids were attributed to a diminishment in palmitic (−68% vs. ctrl; p < 0.05), stearic (−74% vs. ctrl; p < 0.05) and arachidic acids content (−61% vs. ctrl; p < 0.05). Additionally, PQQ-dependent reduction in the amount of unsaturated fatty acids was connected with a decrease in linoleic acid (−57% vs. ctrl; p < 0.05).
Prolonged (24 hr) incubation with all the PQQ doses decreased FFA contents in the skeletal muscle cells as compared with control group (0.5, 1, and 3 µM vs. ctrl: −62%, −62%, −74%, respectively; p < 0.05; Figure. 4a ). Simultaneously, a significant decrease was observed in the content of saturated fatty acids (0.5, 1, 3 µM vs. ctrl: −65%, −65%, −76%, respectively; p < 0.05), predominantly myristic (3 µM vs. ctrl: −63%; p < 0.05), palmitic (0.5, 1, 3 µM vs. ctrl: −67%, −66%, −76%, respectively; p < 0.05), stearic (0.5, 1, 3 µM vs. ctrl: −65%, −69%, −79%, respectively; p < 0.05) and arachidic (0.5, 1, 3 µM vs. ctrl: −44%, −61%, −61%, respectively; p < 0.05) acids (Table 1) .
Additionally, in comparison with the control group, PQQ treatment caused a reduction in the amount of unsaturated fatty acids after prolonged PQQ exposure (0.5, 1, 3 µM vs. ctrl: −17%, −28%, −44%, respectively; p < 0.05). The above was reflected in a reduction in linoleic (0.5, 1, 3 µM vs. ctrl: −50%, −42%, −69%, respectively; p < 0.05), palmitooleic (3 µM vs. ctrl: −27%; p < 0.05), oleic (3 µM vs.
ctrl: −38%; p < 0.05) and linolenic (3 µM vs. ctrl: −46%; p < 0.05) acids (Table 1) .
Additionally, time-dependent differences in FFA levels were demonstrated for 0.5 and 3 µM of PQQ (24 hr vs. 2 hr; 0.5 µM: −65%; 3 µM: −77%; p < 0.05; Figure 4a ).
| DAG content and composition in L6 myotubes
Neither prolonged (24 hr), nor short-time treatment (2 hr) with PQQ altered intracellular DAG content, although a substantial difference in the case of time-dependent incubation was shown for 1 µM of PQQ (24 hr vs.
2 hr: +89%; p < 0.05; Figure 4b) . Furthermore, the concentration of saturated and unsaturated fatty acids remained unaltered (Table 2) .
| TAG content and composition in L6 myotubes
TAG level was elevated after short-term incubation with all the studied PQQ doses (0.5, 1, 3 µM vs. ctrl: +93%, +58%, +52%, respectively; p < 0.05; Figure 4c ). This was accompanied by significant increases in saturated fatty acids level (0.5, 1, 3 µM vs. ctrl: +109%, +61%, +63%, respectively; p < 0.05), in particular palmitic (0.5, 1 μM vs.
ctrl: +38%, +36%), stearic (0.5, 3 μM vs. ctrl: +292%, +157%; p < 0.05), and arachidic (0.5, 1, 3 μM vs. ctrl: +292%, +76%; +51%; p < 0.05) acids (Table 3) . Furthermore, unsaturated fatty acids amount was increased in the case of short-time treatment with 0.5 and 1 µM of PQQ (2 hr vs.
ctrl: +49%, +34%; p < 0.05). Specifically, we demonstrated increases in the contents of oleic (0.5, 1 μM vs. ctrl: +59%, +54%, respectively; p < 0.05), linoleic (0.5 μM vs. ctrl: +112%; p < 0.05) and linolenic (0.5, 1 μM vs. ctrl: +180%, +100%, respectively; p < 0.05) acids (Table 3) .
Similarly, TAG level was elevated after prolonged exposure to PQQ (0.5, 1, 3 µM vs. ctrl: +139%, +59%, +28%, respectively; p < 0.05; Figure 4c ). This effect coincided with enhanced levels of saturated fatty acids (0.5, 1, 3 µM vs. ctrl: +161%, +75%, +31%, respectively; p < 0.05), specifically palmitic (0.5, 1 μM vs. ctrl: + 126%, +65%; p < 0.05), stearic (0.5, 1 μM vs. ctrl: +372%, +76%; p < 0.05) and arachidic (0.5 μM vs. ctrl: +372%; p < 0.05) acids. Additionally, the content of unsaturated fatty acids increased as a result of long-time exposure to 0.5 µM of PQQ (24 hr vs. ctrl: +77%; p < 0.05). In particular, we noticed an increase in the myocellular level of oleic (0.5, 1 μM vs. ctrl: + 63%, +35%, respectively; p < 0.05) and linoleic (0.5 μM vs. ctrl: +95%; p < 0.05) acids (Table 3) .
| Intracellular sphingolipids content in L6 myotubes
| Sphinganine concentration in L6 myotubes
Short-time (2 hr) incubation with 0.5 and 1 µM of PQQ significantly declined sphinganine (SFA) levels (0.5, 1 µM vs. ctrl: −21% and −40%, respectively; p < 0.05) (Figure 5a ). On the contrary, prolonged (24 hr) PQQ treatment did not evoke any significant changes in SFA cellular level in comparison with the control cells. Additionally, timedependent differences in SFA level were noticed for 1 µM PQQ concentration (24 hr vs. 2 hr: +59%; p < 0.05; Figure 5a ).
| Sphinganine-1-phosphate (SFA1P) concentration in L6 myotubes
A significant drop in SFA1P level was observed after short-time exposure to 1 and 3 µM of PQQ (−50%, −46% versus ctrl, respectively; p < 0.05). Simultaneously, a substantial time-dependent difference was noticed for 3 µM PQQ incubation (24 hr vs. 2 hr: +111%; p < 0.05; Figure 5b ).
| CER concentration in L6 myotubes
The cells treated with PQQ exhibited increased contents of CER (Figure 5c ). In the case of 2 hr incubation, this reached statistical significance level for 0.5 µM of PQQ (+79% vs. ctrl; p < 0.05).
Simultaneously, the levels of palmitic, arachidic, and behenic acids were elevated (+82%, +75%, +67%, respectively; p < 0.05), although the increase in total content of saturated fatty acids was not significant due to high variability (+70%; p > 0.05; Table 4 ).
Furthermore, the enhanced content of unsaturated fatty acids (2 hr; 0.5 µM vs. ctrl: +119%; p < 0.05) resulted from increased levels of palmitooleic, oleic, linoleic, linolenic, and arachidonic acids (+112.5%, +168%, +267%, +300%, +60%, respectively; p < 0.05).
The increase in linolenic acid was also noticed after exposure to 1 and 3 µM of PQQ (2 hr; 1, 3 µM vs. ctrl: +167%, +100%, respectively; p < 0.05; Table 4 ).
Prolonged (24 hr) incubation with all doses of PQQ also considerably enhanced CER amount (0.5, 1, 3 µM vs. ctrl: +132%, +41%, +48%, respectively; p < 0.05; Figure 5c ). The concurrent increase in saturated fatty acids (0.5, 1, 3 µM vs. ctrl: +136%, +50%, ANOVA: analysis of variance; PQQ: pyrroloquinoline quinone.
+57%, respectively; p < 0.05) was connected with the upregulation of myristic (0.5, 1, 3 µM vs. ctrl: +141%, +66%, +99%, respectively; p < 0.05) and arachidic acids (0.5, 1, 3 µM vs. ctrl: + 162.5%, +62.5%, +100%, respectively; p < 0.05). Additionally, the level of palmitic, stearic, behenic, and lignoceric acids rose with 0.5 µM of PQQ (+158%, +91%, +200%, +167%, respectively; p < 0.05; 
| Sphingosine concentration in L6 myotubes
Prolonged (24 hr) incubation with all the studied PQQ doses resulted in considerable increases in SFO content, namely 0.5 µM enhanced the amount of SFO by 94%, 1 µM by 35%, and 3 µM PQQ by 48% as compared with the control cells (p < 0.05; Figure 5d ). Interestingly, short-time exposure also resulted in the elevation of SFO level, but only for 0.5 µM of PQQ incubation (+24%; p < 0.05). Additionally, for 1 µM of PQQ we noticed a significant difference between 24 and 2 hr incubation times (+58%; p < 0.05; Figure 5d ).
| S1P concentration in L6 myotubes
We observed an increase by 96% in S1P content after prolonged (24 hr) treatment with 0.5 μM of PQQ, however, due to high variance, it did not reach the statistical significance level (p > 0.05; Figure 5e ).
Similarly, there was a difference between both the incubation times (24 hr vs. 2 hr: +73%) for 0.5 μM of PQQ, although again it did not reach the statistical significance level (p > 0.05; Figure 5e ).
| Sphingomyelin concentration in L6 myotubes
Short-time incubation decreased sphingomyelin (SM) level in the case of 1 and 3 µM of PQQ (1, 3 µM vs. ctrl: −13%, −27%, respectively; p < 0.05; Figure 5f ). The analysis of fatty acid composition in this fraction revealed statistically significant decrease in saturated fatty acids contents (1, 3 µM vs. ctrl: −16%, −28%, respectively; p < 0.05).
This effect ensued predominantly from the observed decline in myristic (3 µM vs. ctrl: −35%; p < 0.05), palmitic (1, 3 µM vs. ctrl:
−18%, −28%, respectively; p < 0.05) and stearic (3 µM vs. ctrl: −26%; p < 0.05) acids levels. On the other hand, the concentration of unsaturated fatty acids declined after 2 hr treatment with 3 µM (−19%; p < 0.05), although solely a decrease in nervonic acid achieved statistical significance (−24%; p < 0.05; Table 5 ). 
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Prolonged (24 hr) treatment with all the tested PQQ concentrations diminished SM contents (0.5, 1, 3 µM vs. ctrl: −15%, −24%, −15%, respectively; p < 0.05; Figure 5f ) together with a decline in the level of saturated fatty acids (0.5, 1, 3 µM vs. ctrl: −15%, −26%, −16%, respectively; p < 0.05). In particular, we revealed a decrease in palmitic (0.5, 1, 3 µM vs. ctrl: −18%, −25%, −17%, respectively; p < 0.05), stearic
(1 µM vs. ctrl: −30%; p < 0.05), myristic (1 µM vs. ctrl: −27%; p < 0.05) and arachidic (1 µM vs. ctrl: −25%; p < 0.05) acids amount. Moreover, the level of unsaturated fatty acids was diminished after long-term treatment with 0.5 and 1 µM of PQQ (0.5, 1 µM vs. ctrl: −16%, −17%, respectively; p < 0.05), while as regards to fatty acid composition, statistical decrease was achieved for nervonic (0.5, 1, 3 µM vs. ctrl:
−24%, −20%, −13%, respectively; p < 0.05) and eicosapentaenoic acids (0.5 µM vs. ctrl: −22%; p < 0.05; Table 5 ).
| Protein expression of sphingolipid metabolizing enzymes
Serine palmitoyltransferase 1 (SPT1) protein levels were increased after short (2 hr) and long-time (24 hr) incubation with 0.5 µM (2 hr vs. ctrl: +27%, 24 hr vs. ctrl: +34%; p < 0.05) and 1 µM of PQQ (2 hr vs. ctrl: +35%, 24 hr vs. ctrl: +29%; p < 0.05). Moreover, we observed a significant difference in SPT1 level between both the incubation times for 3 µM of PQQ (24 hr vs. 2 hr: −18%; p < 0.05; Figure 6a ).
In the current study we did not observe any significant differences in acidic ceramidase (ASAH1) or sphingosine kinase 1 (SphK1) protein levels neither with respect to PQQ exposure time nor its concentration (Figure 6b,c) .
The protein level of neutral sphingomyelinase (N-SMase) was decreased after 2 hr exposure to 3 µM of PQQ (−18% vs. ctrl; p < 0.05), although there were no significant alterations in the other conditions. Consequently, time-dependent differences in N-SMase level were observed only in the case of 3 µM of PQQ (24 hr vs. 2 hr: +9%; p < 0.05; Figure 6d ). Furthermore, there were no significant changes in alkaline sphingomyelinase (Alk-SMase) protein contents ( Figure 6e ).
| DISCUSSION
Exogenously administered PQQ is distributed within various cellular compartments (i.e., cytosol, cell membrane, nucleus, and mitochondria) and may impact multiple physiological processes (Singh, Pandey, Saha & Gattupalli, 2015; Stites et al., 2006) . Previous studies attributed the biological role of PQQ to an increased expression of PGC-1α transcriptional coactivator. It was observed that PQQ activates PGC-1α promoter in Hepa 1-6 cell line due to elevated CREB phosphorylation at serine 133 and its binding to CRE site. As a consequence, 24 hr incubation with PQQ stimulated an increase in PGC-1α mRNA and protein content (+125% and +75%, respectively; Chowanadisai et al., 2010) . Additionally, rats' treatment with bacterial strains containing an incorporated PQQ producing operon or dietary PQQ supplementation had elevated hepatic PGC-1α mRNA level (+1.7-fold and +55%, respectively; Singh et al., 2015; Tchaparian et al., 2010) . Herein, we provide evidence that PQQ significantly elevates PGC-1α content also in L6 myotubes in a doseand time-dependent manner with the highest efficiency for 1 µM (transcript level) and 0.5 µM (protein level). Interestingly the observed changes in the coactivator mRNA and its transcript level did not exactly parallel each other (Figure 2 ). It seems that similar dissonance between the two was demonstrated in HepG2 cell line in response to PQQ treatment (Zhang et al., 2015) . These results may suggest that, apart from CREB phosphorylation, also posttranscriptional regulation is engaged in PGC-1α expression modulation after PQQ administration. In fact, PQQ treatment of NIH/3T3 fibroblasts induced PGC-1α transcriptional activity by deacetylation of the protein as well as promoted its nuclear translocation (Saihara, Kamikubo, Ikemoto, Uchida & Akagawa, 2017) .
Moreover, PQQ treatment restored PGC-1α mRNA and protein level in the denervated murine gastrocnemius muscles, concomitantly with an increase in the expression of PGC-1α target genes (i.e., Tfam; Kuo, Shih, Kao, Yeh & Lee, 2015) . A modest rate of PGC-1α upregulation achieved by using PQQ (protein level: +~20%) is of great importance, since massive (+6-fold) PGC-1α induction was related with elevated susceptibility to fatinduced muscle insulin resistance (Choi et al., 2008) . It is also worth to emphasize that PGC-1α small interfering RNA transfection prevented the induction of mitochondrial biogenesis in PQQ-treated cells, as measured by citrate synthase (CS) activity and mitochondrial content . This strongly indicates that most of the effects exerted by PQQ treatment are mediated via PGC-1α. Consequently, PQQ activates about 2-4% of the total number of genes involved in mitochondrial biogenesis, cellular signaling pathways (Bauerly et al., 2011) , immune and antioxidative responsiveness (Kumar & Kar, 2015; Rucker, Chowanadisai & Nakano, 2009 ), glucose tolerance (Takada et al., 2012) , lipid peroxidation (Singh et al., 2015) , and inflammatory processes (Harris et al., 2013) . The above-mentioned processes remain also under strict control of PGC-1α (Eisele, Furrer, Beer & Handschin, 2015; Liang & Ward, 2006) , thereby supporting a notion that PQQ actions are based predominantly on the stimulation of this coactivator (Eisele et al., 2015; Liang & Ward, 2006) .
In relation to the influence of PQQ on palmitate uptake into skeletal muscle cells, we noticed a significant increase solely for prolonged treatment with 0.5 µM of PQQ. However, there are no literature data considering the impact of PQQ-mediated PGC-1α induction on changes in fatty acid uptake. Nevertheless, Espinoza, Boros, Crunkhorn, Gami, and Patti (2010) found that PGC-1α overexpression in C2C12 myotubes evoked only a small reduction in palmitic acid cellular import (−6%). Moreover, the rate of palmitic acid transport was almost unchanged (+9%) in L6 myotubes after PGC-1α downregulation (Lukaszuk, Miklosz, Chabowski & Gorski, 2015) . We therefore suppose that in basal conditions PQQ/PGC-1α activation may exert relatively minor role in the uptake of fatty acids into muscle cells. Thus, the observed changes in intramyocellular lipid content would rather be a consequence of intrinsic metabolic changes evoked by PQQ, instead of fatty acid influx.
The presented results show a reduction in the intracellular pool of FFA paralleled by elevations in CER, SFO, and TAG levels, but without a change in DAG amount. The above may imply a shift from FFA pool either into sphingolipid species or into TAG fraction.
Accordingly, an increase in PGC-1α level (mRNA: +31%; protein: +20%) was accompanied by elevated TAG (+31%) content in skeletal muscle of lean Zucker rats . These changes could be associated with the elevated expression of enzymes catalyzing two initial reactions in TAG synthesis, that is glycerophosphate acyltransferase (GPAT) and lysophosphatidic acid acyltransferase (LPAAT; Senoo et al., 2015) , as well as fatty acid synthase . TAG storage, however, mimics the effect observed in trained individuals, where it (TAG) serves as a "buffer" against lipotoxicity (Bergman et al., 2010) . On the other hand, the unchanged DAG level in PGC-1α-overexpressing cells found confirmation in the results obtained from Zucker rats and TG mice Liang et al., 2009) . Similar changes in lipid profile of murine skeletal muscles were detected by Senoo et al. (2015) , since PGC-1α overexpression increased TAG amount without affecting DAG level.
Furthermore, especially for higher PQQ concentrations and the extended incubation time, an increase in the saturation status of TAG was not connected with an elevated unsaturated fatty acids level.
These data may indicate the domination of β-oxidation of unsaturated fatty acids in mitochondria (Gaster, Rustan & Beck-Nielsen, 2005) or their redirection into other lipid fractions. Additionally, the elevated esterification of saturated fatty acids into TAG fraction may be a protective process, given that in cultured myotubes obtained from type 2 diabetic patients and in human individuals with type 2 diabetes the ability to store lipids in TAG pool is blunted (Sparks et al., 2014) . Other studies, however, do not provide unambiguous evidence to confirm the alterations in myocellular lipid profile observed in our study. For instance, increased intramuscular lipid content in MPGC-1α TG mice has been demonstrated to originate from de novo lipogenesis connected with an enhancement in the level of both TAG and FFA in skeletal muscles (Summermatter, Baum, Santos, Hoppeler & Handschin, 2010) . Instead, muscle-specific PGC-1α transfection was connected with a slightly elevated TAG level only in red, but not white muscle cells (Benton et al., 2008) so that the overall result may also be cellular-specific and depend on oxidative capacities.
Sphingolipids regulate numerous muscular biological processes, including contraction force, membrane excitability, regeneration, differentiation or growth, but also influence the rate of metabolic substrates usage by skeletal muscle cells (Bruni & Donati, 2008; Donati, Cencetti & Bruni, 2013; Nikolova-Karakashian & Reid, 2011) .
Selected sphingolipid classes often exert opposite effects so that their aberrant synthesis may induce pathological changes in skeletal muscles (i.e., oxidative stress, muscle fatigue, reduced glucose turnover, impaired satellite cells differentiation, or apoptosis; Nikolova-Karakashian & Reid, 2011) . Consequently, pharmacological modulation of sphingolipids metabolism could be applied to prevention and therapy of many disorders. Nevertheless, previous study employing PGC-1α-knocked-down L6 myotubes did not show significant alterations in CER total content and composition (Lukaszuk et al., 2015) . Moreover, the overexpression of PGC-1α in animal models (i.e., MPGC-1α TG and lean Zucker rats) did not produce changes in muscular CER level Liang et al., 2009) . On the contrary, in the present study the prolonged incubation (24 hr) with all the studied doses of PQQ (0.5, 1, 3 μM) enhanced CER level in L6 myotubes. Likewise, CER content (especially C16:0, C18:0, C18:1, and C18:2 moieties) was elevated in PGC-1α overexpressing C2C12 myotubes (Espinoza et al., 2010 ).
Since the above-mentioned study and ours provided in vitro results, it is possible that the effects of PGC-1α action depend on extracellular milieu with a more pronounced impact towards lipid accumulation during normal metabolic substrates provision (Espinoza et al., 2010) . Additionally, in physiological in vivo conditions a compensatory activation of other mechanisms regulating sphingolipids metabolism may prevail. For instance, PGC-1α ablation may result in increased activity of other proteins from PGC-1 family, namely PGC-1β and PGC-1α-related coactivator (PRC), that partially overlap PGC-1α functions (Liu & Lin, 2011; Philp et al., 2011) .
However, data from skeletal muscle-restricted PGC-1α heterozygous mice did not confirm this assumption, since neither in skeletal muscles (i.e., gastrocnemius and soleus muscle), nor in other examined tissues (i.e., heart, liver, brain, and brown adipose tissue), the level of PGC-1β expression increased (Handschin et al., 2007) .
Similarly, physical exercise did not evoke compensatory enhancement in muscular PGC-1β level in muscle-specific PGC-1α null mice (Rowe, Jiang & Arany, 2010) .
The observed increase in long-chain fatty acid species building CER molecules (i.e., C16:0, C18:0, and C18:1) in C2C12 cultured myotubes (Espinoza et al., 2010) resembles the effect observed with 0.5 µM of PQQ in this study. On the other hand, higher doses of PQQ were associated with slight decreases in C18:0-CER and C18:1-CER levels. It confirms that the rate of PGC-1α upregulation may be a crucial factor in the overall cellular response. Incubation with 0.5 µM of PQQ is also related with increased levels fatty acids (with carbon chain lengths: C20, C22, C24, and C24) composing CER. The accumulation of the above-mentioned CER building fatty acids was demonstrated to accompany insulin resistance and obesity (Adams et al., 2004) . Furthermore, the observation that high rate of unsaturated fatty acids (i.e., C18:2 and C18:3) incorporation into CER fraction occurs in all the tested conditions may not necessarily be salutary. One report revealed that administration of conjugated linoleic acid and increased muscular CER content was connected with deteriorated insulin sensitivity in humans (Thrush et al., 2007) . Therefore, the composition of CER, in addition to modulation of its total level, may play a key role when considering the effects of PGC-1α activation. (Figure 5c ). This step is especially sensitive to changes in fatty acid availability and may be one of the reasons for the previously described decreased myocellular FFA content (Figure 4a) . Interestingly, the impact of PQQ on specific sphingolipid metabolic pathways appears to be time-dependent since a decrease in SFA and SFA1P level was noticed after short-time exposure, while the salvage pathway was activated (i.e., elevated level of SFO) after prolonged treatment. Moreover, the observed alterations partially reflect exercise-mimicking effects of PGC-1α (Hoeks et al., 2012) , since the induction of de novo CER synthesis combined with upregulated SFO content was noticed also in the soleus and gastrocnemius muscles of rats after acute exercise (Dobrzyń & Górski, 2002) .
To further explore the relationship between CER synthesis and PGC-1α stimulation in L6 myotubes, we evaluated the level of sphingomyelin, a major source of CER in stress conditions (Nikolova-Karakashian & Reid, 2011) . In fact, we noticed a reduction in the total content of this compound for all of the applied PQQ doses, presumably as an effect of its (SM) shift toward CER formation. The concomitant decrease in sphingomyelin saturation status may impede its interactions with cholesterol and domain formation within biological membranes (Slotte & Ramstedt, 2007) . However, whether PQQ actually influences the structural role of sphingomyelin remains to be established. In contrast, other researchers showed that PGC-1α overexpression in cultured C2C12 myotubes did not affect the content of C16:0, C18:0, C18:1, and C18:2 species in sphingomyelin, despite elevated CER level (Espinoza et al., 2010) . Since there is no obvious explanation for these discrepancies, we may suspect that it is related with the level of PGC-1α overexpression (protein content: +20% in our study vs. +86-fold in the study by Espinoza et al., 2010) or with different strategies used to achieve the coactivator's upregulation (PQQ treatment in our research vs. adenoviral infection in the study by Espinoza et al., 2010) . To sum up, the obtained data indicate a few phenomena occurring in response to PGC-1α stimulation. Importantly, we observed an increased content of TAG (in the range of +28-140%).
This indicates a possible protective mechanism since TAG acts as a "buffer" against lipotoxicity. However, we found an elevated CER concentration, which could potentially disturb cellular signaling pathway (i.e., for insulin) in skeletal muscle cells. Nevertheless, we did not notice any accompanying changes in DAG level. The abovementioned changes may be a kind of "beacon" signaling that further increase in PGC-1α protein expression, above the modest level, can be possibly harmful. In conclusion, data reported herein reinforce a role for PQQ/PGC-1α in lipid storage into CER and TAG lipid pools, in addition to an increment of cellular oxidative potential.
